Here we investigate the mechanism by which shrinkage reducing admixture (SRA) affects hardened cement paste (hcp). The first desorption process for hcp is always accompanied by irreversible shrinkage. Initially we demonstrate the well-known mechanism of SRA acting on capillary force using Vycor glass. Additionally, sorption isotherms and length-change isotherms are measured for both saturated hcp as well as hcp aged at 11% RH for two years. SRA was concluded to be present on the surface of the concave meniscus of the pore solution in Vycor glass, and that the inclusion of SRA reduces the surface tension of the pore solution, the equilibrium Kelvin radius, and the shrinkage due to capillary force. However, a comparison of long-term and short-term length-change isotherms and water vapor sorption isotherms of hcp suggests the possibility of partial evaporation of SRA molecules during the 2-year drying process, as well as the presence of immobile SRA in cement paste. Moreover, the immobile SRA is still active, and is found to reduce the amount of water sorption and shrinkage strain. It is thought that the secondary role of the SRA, which is related to immobile SRA in the cement paste, becomes active at room temperature, at below 80％ RH, and only occurs in the irreversible shrinkage component of hcp produced by the initial desorption process.
Introduction
Shrinkage-induced cracking in concrete structures is a major concern because it deteriorates their durability. Cracks allow substances, including carbon dioxide, chloride ions, and other potentially harmful chemicals, to enter into and deteriorate concrete members. One way to mitigate this inherent problem of concrete is adding shrinkage reducing admixture (SRA) to the concrete mixture.
SRA, which originated in Japan (Goto et al. 1985) , is a class of surfactant known to reduce the surface tension of liquid (Sato et al. 1983) . The basic structure is represented by the following equation:
where R is a hydrogen or alkyl group with one to eight carbons, EO is oxirane, PO is methyl oxirane, and n and m are integers less than ten. In general, this relatively short molecule is designed to be soluble. The first generation of research on the mechanism of SRA suggested it worked through reducing capillary tension. Sato et al. (1983) measured the length-change and desorption isotherms of hardened cement paste (hcp) with and without SRA. These experimental results showed that hcp with SRA had less water sorption compared with reference hcp under the same relative humidity (RH) conditions. They explained this as a consequence of reduction of the surface tension of the pore solution and a resultant decrease in the Kelvin radius according to the Kelvin equation. In addition, the reduction of shrinkage of hcp with SRA has been explained by a reduction of volumetric water content, which is the key parameter in capillary tension theory for determining the acting area of the substance driving shrinkage (Powers 1965) . This proposed mechanism is well accepted because the effectiveness of SRA on reducing cracks due to autogenous shrinkage (Jensen and Hansen 1995; Bentz et al. 2001; Weiss et al. 2008) and plastic shrinkage (Jensen and Hansen 1995; Lura et al. 2007 ) has been experimentally confirmed, and because the relationship between RH and shrinkage strain has shown good correlation according to the Kelvin-Laplace equation. However, it has also been reported that not all surfactants that reduce surface tension can reduce the shrinkage strain of hcp (Sakuta et al. 1984) , because ionic surfactants are strongly adsorbed onto the solid surfaces of the hcp cement paste and therefore cannot decrease surface tension (Eberhardt 2009 ). Furthermore, using dosages of SRA beyond the saturation point for decreasing the surface tension of the pore solution ) still further reduces the shrinkage of hcp during drying (Sakuta et al. 1984; Saito et al. 2012; Kurihara and Maruyama 2015) . It should be noted that the most important factor for determining the surface tension of a liquid is the critical micelle concentration at the liquid-vapor interface (Section 7.3.3 in Eberhardt (2009) ). However, critical micelle concentration values have not yet been reported, and therefore cannot be compared with measurement data using the plate method for surface tension. Based on these experimental results, questions are raised about whether SRA works solely through the proposed capillary tension mechanism in hcp . The shrinkage mechanism of hcp is still under discussion (Powers 1965; Helmuth and Turk 1967; Feldman 1968; Feldman and Sereda 1968; Wittmann 1968; Bažant 1972; Gutteridge and Parrott 1976; Hansen 1987; Beltzung and Wittmann 2005; Beaudoin et al. 2010; Maruyama 2010) , and the shrinkage strain under the first desorption process of hcp is always accompanied by large irreversible shrinkage strain (Helmuth and Turk 1967; Maruyama 2010; Maruyama et al. 2014) . This is due to the colloidal behavior of calcium silicate hydrate (C-S-H; note, C: CaO, S: SiO 2 , H: H 2 O, A: Al 2 O 3 , F: Fe 2 O 3 hereafter), which is a main hydrate in Portland cement. In addition to this, in autogenous shrinkage and plastic shrinkage, the pore structure of hcp is always changing due to cement hydration. Therefore, the mechanism that SRA works through during autogenous shrinkage or plastic shrinkage must always be indirectly interpreted. Finally, the effects of SRA inclusion on drying shrinkage should be discussed along with the mechanisms that physically cause the shrinkage of hcp during drying, including the process of irreversible shrinkage.
The present study aims to elucidate the roles of SRA in hcp by addressing these issues. First, the capillary tension mechanism is clarified through a demonstration of the water vapor and length-change isotherms of Vycor glass, which is often used to study shrinkage mechanisms in porous material. Second, a novel shrinkage reduction mechanism (in addition to capillary tension) is identified by measuring the short-term and long-term length-change and water vapor sorption isotherms of hcp.
Experimental method

Shrinkage reducing admixture
In the present study, SRA was synthesized with the conditions that in Eq. (1), R is a butyl group and n and m are 2. A chemical synthesis company was contracted to synthesize the SRA. To confirm the effects of SRA on reducing surface tension, the surface tension of two solutions, namely SRA in deionized water and in synthesized pore solution that is saturated water of hardened white Portland cement past, were tested using the Wilhelm Plate Method. Eberhardt (2009) pointed out that the admixture effect on the surface tension of the pore solution in hydrated cement pastes cannot be directly estimated from this Wilhelm Plate Method, because the surface tension of a liquid is a function of the surface concentration, and not of the bulk concentration. Additionally, the critical surface aggregation of SRA onto solid surfaces in the cement paste system is an important factor in the SRA's surface concentration and the resultant surface tension of the liquid-vapor interface of the pore solution. Therefore, the present method merely produces the characteristics of the SRA.
Vycor glass
Rods of Vycor glass #7930 were used for the experiments (Hood and Nordberg 1938) . The typical physical properties of Vycor glass are shown in Table 1 . Samples 2.5 × 1 × 3 mm 3 in size were cut from the rod (φ2.8 × 300 mm 3 ). Two different Vycor glass samples were prepared. One sample (denoted "Vycor") was conditioned at equilibrium at 11% RH at 20 °C. A sodium hydroxide solution was used to control the level of humidity in the atmosphere. The second sample (denoted "Vycor+SR") contained a 10% (by mass of total liquid) SRA solution in a saturated state, but the sample was also dried to reach equilibrium at 11% RH at 20 °C. Firstly, absorption occurred while the sample was submerged in the 10% SRA solution, which was depressurized with a vacuum pump for 5 minutes. Once the sample absorbed the SRA solution, the sample was dried in 11% RH at 20 °C. The sodium hydroxide solution may have some impact on the surface of the vycor glass samples during preparation and the experiment, but as it is confirmed in the experimental results that the impact of sodium hydroxide on sorption and length change isotherms is negligible from a view point of our objective in this research because they are almost reversible.
Length-change isotherms for samples were obtained with a thermomechanical analyzer (TMA) coupled with an RH generator (TMA4000SA and HC9700, Bruker AXS). Length changes were measured with a linear variable differential transformer (LVDT) with a minimum resolution of 0.025 μm, and a contact load of 0.098 N. The samples were incrementally dried from 11% RH to 5% RH, after which they were incrementally re-humidified back up to 90% RH. Finally, they were incrementally re-dried back to the initial RH. All the processes were conducted at 20±0.1 ºC. For each step, the RH of the atmospheric flow was kept constant for at 5 h. In some steps, the length change did not attain the equilibrium state, but the impact of capillary condensation on the shrinkage strain was evident; therefore, this process is considered to be acceptable with regard to the objectives of this research. Sorption isotherm data were collected on the same samples using a thermogravimetry analyzer coupled to an RH generator (TG-DTA 2000SA and HC9700, Bruker AXS). After the same RH steps, the samples were heated at 105 ºC under nitrogen gas flow until reaching the equilibrium to obtain the reference condition.
All measurements were repeated once to confirm reproducibility. The same samples were used for all the measurements. Measured data presented are typical and represent characteristic behaviors.
Cement paste
All specimens were made from a white Portland cement (chemical composition detailed in Table 2 ). This cement was low in total alkali metal content. The water-cement ratio was 0.55, and the paste (10 L) was mixed in a 20 L Hobart mixer for 3 min. For cement paste samples containing SRA, a portion of the water was replaced by SRA, to a total SRA concentration comprising 3% of the cement's mass. After the water was added, the paste was remixed for a further 3 min and scraped from inside the mixer. To minimize segregation, the paste was remixed every 30 min until 6 h, after which it had a creamy consistency. It was then cast into a set of 3 × 13 × 300 mm 3 slab molds and φ50 × 100 mm 3 cylinder molds which were covered by polyvinylidene-chloride wrap and wet papers to avoid water loss from the specimens. The molds were placed in a thermostatic chamber at a temperature of 20 ± 1 °C. The thin slabs and the cylinder specimens were demolded after 4 days and immediately immersed in lime-saturated water, where they were kept submerged for 180 days at 20 ± 1 °C. They were assumed to be almost fully hydrated. For samples containing SRA, SRA was added to the curing water to a concentration of 5.45 mass% to avoid SRA leaching from the sample. The ratio of the curing water to cement paste was approximately 100 vol%. The pH of the curing water was not controlled during this process. Slabs were then put into a humidity chamber where the relative humidity was controlled, set at varying levels, and allowed to equilibrate slowly for two years. The relative humidity levels were set at 90% RH down to 20% RH in 10% RH intervals, and also at 95％ and 11% RH (±2% RH at 20±1 °C). The RH was controlled by the concentration of the sodium hydroxide solution (Stokes and Robinson 1949; Maruyama 2010) . Before and after this slow drying process, the lengths of the thin slab samples were measured using LVDT with a precision of 1 μm. The long-term length-change isotherms were obtained based on these data. At the same time, the masses of the samples were recorded. After the 2-year drying process, all the samples stored in different RH conditions were heated to 105 ºC with nitrogen gas flow and then the mass of each sample was measured again.
The white Portland cement paste samples are the same as those shown in Maruyama et al. (2014) and Maruyama et al. (2015) , and many physical properties has been cleared. Cement paste without SRA is referred to as "PP" instead of plain paste, and the cement paste containing SRA is termed "SR".
The long-term desorption isotherms were obtained based on these data. It should be noted that the colloidal alteration of C-S-H due to drying also occurs during this long-term drying process. This alteration has been observed in water vapor and/or nitrogen BET surface area (Hunt et al. 1960; Parrott et al. 1980; Litvan and Myers 1983) , small angle X-ray scattering (Völkl et al. 1987) , irreversible shrinkage (Hlemuth and Turk 1967; Feldman and Sereda 1968) , and morphology changes imaged by environmental scanning electron microscope (Fonseca and Jennings 2010) .
In addition to these long-term experiments, short-term measurements of length-change and sorption isotherms were carried out. Two different pre-drying conditions were selected for these experiments: i.e., saturated samples (denoted "PP (sat)" and "SR (sat)") and samples dried at 11% RH (denoted "PP (11% RH)" and "SR (11% RH)"). Saturated samples show irreversible shrinkage caused by C-S-H colloidal alteration under the first drying, while the samples dried at 11% RH reflect the stable C-S-H, which has been altered and stabilized due to the pre-drying process. This drying state is known to exhibit reversible shrinkage .
For measuring short-term length-change isotherms, samples 3 × 3 × 1 mm 3 in size were cut from a dried slab specimen or cylindrical specimen for use with a more rapid experimental technique in which these very small specimens were subjected to forced drying under an RH-controlled air flow. Length-change isotherms were measured using the same equipment as was used to measure the Vycor glass.
For measuring short-term sorption isotherms, samples of the same shape as those used in short-term length-change isotherm measurements were used. The short-term sorption isotherms were collected using the same equipment as was used for Vycor glass.
Each measurement for the short-term isotherms was taken twice. The relative error of our measurements is considered to be within 5% based on preliminary measurements.
The microstructures of PP (11% RH) and SR (11% RH) were observed by field emission scanning electron microscopy (FE-SEM, JOEL:JSM-7500F). Samples were dried at a temperature of 105°C under degassed conditions (with a minimum pressure of 0.067 Pa) for 30 minutes and then coated by osmium.
Portlandite precipitation
The impact of the SRA on the morphology and size of portlandite was confirmed using saturated portlandite solution with and without SRA (1% mass content in water) that was dried at a temperature of 105 °C under degassed condition. The precipitated portlandite was observed by FE-SEM.
Results and discussion
Shrinkage reducing agent
The results of surface tension of the solution as a function of the SRA concentration are shown in Fig. 1 . The surface tension of the pore solution is slightly smaller than that of deionized water. It can be seen that at an SRA concentration greater than 10%, the surface tension is similar with a value of about 33~35 mN/m. The obtained data is consistent with the results presented by Rajabipour et al. (2008) and Weiss et al. (2008) especially in regard to the relationship between the surface tension of deionized water and the pore solution. However, the results of this relationship are unexpected, because the surface tension of electrolyte solutions should be higher than that of deionized water (Langmuir 1916; Onsager and Samaras 1934; Weissenborn and Pugh 1996; Boström et al. 2001; Eberhardt 2009 ). The impact of alkalis on surface tension should be studied further, since synthesized pore solutions of Weiss et al. (2008) . contains KOH and NaOH.
Capillary tension mechanism
Measured water sorption change and strain change affected by controlled RH air flow are plotted as a function of time in Fig. 2 for the Vycor samples. Most step changes in RH resulted in rapid changes in sample mass, which appeared to reach equilibrium within the 5 hours allowed; however, this trend was broken in the cases of sorption at 80% RH and desorption at 70% and 60% RH. In former research (Maruyama et al. 2014; , extrapolation was applied for these short-term isotherm data, but we use raw measured data in the plots in order to compare the sorption isotherm and the length-change isotherm directly. It should be noted that equilibrium was reached for all steps in the length-change isotherm measurement, as shown in Fig. 2 (right). This means that in the present experiment, the rate of the sorption process did not correspond to the rate of the length-change process. We also saw this behavior in the case of hardened cement paste, as has previously been observed (Nagamatsu et al. 1992) .
From the results of Fig. 2 , water sorption isotherms and length-change isotherms were obtained, and the results are shown in Fig. 3 . In the sorption isotherms (Fig.  3 upper) , capillary condensation, visible as a steep increase in adsorption, is recognizable above 60% RH in both Vycor and Vycor+SR. In the absence of the SRA, condensation has almost ended at 80% RH. Hysteresis in the desorption process, likely due to the ink-bottle effect, is also observable, and the hysteresis loop closes at 60% RH. In the case of Vycor, a decrease in sorption amount in the desorption process starts from 70% RH. Based on these values and the Kelvin equation, the mode value of the radius of meso-pores in Vycor ranges from 2.08 to 4.77 nm. This value is consistent with the data shown in Table 1 .
The Kelvin equation is 2 ln( )
where γ is the surface tension of the adsorbent, V m is Fig. 1 Surface tension as a function of SRA concentration in deionized water or synthetic pore solution. Pore solution is the supernatant liquid from the system with a water:cement ratio of 2:1. the molar volume of the adsorbent, R is the gas constant, T is the absolute temperature, and h is the relative humidity.
The sorption isotherm of Vycor+SR shows a different trend from that of Vycor alone, especially in the range between 70% RH and 80% RH. In both the adsorption and desorption processes, the sorption amount in Vycor+SR is smaller than that in Vycor alone. This can be explained by the reduction of surface tension and the resultant decrease in the Kelvin radius of the concave meniscus. Notably, the total sorption amount is the same. This can be explained by the assumption that the pore radius in Vycor is less than 10 nm, which is the value obtained by the Kelvin radius at 90% RH. When we assume that pore size distribution is constant as a function of pore radius from 2.08 to 4.77 nm and the surface tension in Vycor+SR is half of that in Vycor, both the incremental sorption from 70% to 80% RH in adsorption and 80% to 70% RH in desorption are halved. The ratio of incremental sorption in both sorption branches is consistent, and is a function of surface tension of the liquid. The SRA density in the pore solution in a saturated state was 10%. By adding the SRA, this value almost corresponds with the maximum reduced surface tension, which indicates that the excess surface concentration of the solution reached the saturation state. In general, the SRA is distributed via the liquid-gas interface, pore solution, and aggregations on the solid surfaces. Based on the results of this experiment, we conclude that the excess surface concentration of SRA reached the saturation state during the adsorption and desorption branches, even though the drying process increased the liquid-gas interface and the resulting excess surface concentration may be reduced if the amount of SRA is not sufficient. Since sufficient SRA was provided to maintain the maximum reduced surface tension for this experiment, the Kelvin radius was reduced, and the amount of capillary-condensed water was decreased. This is governed by the pore size distribution and the Kelvin radius.
In the length-change isotherms, sorption clearly influences as shown in the lower portion of Fig. 3 . The length-change isotherm of Vycor shows similar behaviors to those reported in past research (Amberg and McIntosh 1952; Hiller 1964; Feldman 1970; Sidebottom and Litvan 1971; Bentz et al. 1998) , which is characterized by excessive shrinkage in the desorption process above 60% RH at room temperature. In the desorption process of Vycor in the range from 90% to 60% RH (which corresponds to the region where capillary condensation has been confirmed) shrinkage is observed from 90% to 70% RH followed by expansion from 70% to 60% RH. The shrinkage from 90% RH to 70% RH was originally reported by Amberg (Amberg and McIntosh 1952) : in fact, it was the first evidence held to support the capillary tension theory. The shrinkage strain due to capillary tension can be represented by the following equation,
where Δl/l is strain, ΔΠ is the difference in capillary pressure, such as -2γ/r k (MPa), f 1 (E s ) is a bulk modulus of the solid to the shrinkage driving force as a function of Young's modulus of the solid Es (MPa), and g 1 (w v ) is the volume fraction of capillary water (-) as a function of condensed adsorbent volume (w v ) (Powers 1965; Sato et al. 1983 ). The expansion from 70% to 60% RH is caused by the loss of a large volume of water held in the capillary system.
The base line of shrinkage observed from 5% to 90% RH is caused by a change in the free energy of adsorption (Bangham and Fakhoury 1930; Hiller 1964) , and is represented by the following equation,
where ΔF is the difference in the surface free energy of the adsorbent (J/m 2 ), g 2 (w v ) is the acting area of the shrinkage driving force, which is related to the specific surface area of the solid and volume of the adsorbent (m 2 /m 3 ), and f 2 (E s ) is a bulk modulus of the solid to shrinkage driving force, such as Bangham's constant (Bangham and Fakhoury 1930) or Yates' constant (Yates 1954) .
In the length-change isotherm for the adsorption process, there is a kink at 80% RH. This may reflect excess shrinkage due to capillary force as well.
With regard to the length-change isotherm of Vycor+SR, the excess shrinkage, which should be observed from 90% to 60% RH, is dramatically repressed and the length-change hysteresis loop becomes very narrow. The total length-change was the same in both cases, which is consistent with the sorption amount results. Focusing on the section of the isotherm at 70% RH, the strain difference between adsorption and desorption branch is about 600 μ for Vycor, but only 150 μ for Vycor+SR, which is 25% of that of Vycor alone. The difference in condensed water between adsorption and desorption is 0.105 g/g and 0.061 g/g for Vycor and Vycor+SR, respectively. These decreasing trends of shrinkage strain and capillary condensed water follow the relationship shown in Eq. (3).
Therefore, the theory and experimental results are consistent, and these results prove that SRA reduces shrinkage through reducing the surface tension and the resultant Kelvin radius of the concave meniscus formed in porous material. In the case of cement paste, which has capillary pores in its early age (Muller et al. 2013) , it is suggested that the reduction of autogenous shrinkage of cement paste or concrete by the addition of SRA can be explained by the capillary tension theory, while solids in hcp, such as the calcium silicate hydrate (Muller et al. 2013 ) and calcium aluminate phases (Baquerizo et al. 2014; Baquerizo et al. 2015) , have hygral properties.
The second mechanism of SRA
The desorption isotherms and length-change isotherms for the long-term drying processes of PP and SR are shown in Fig. 4 . During the slowly drying process, the structure of C-S-H is altered by the drying (Maruyama et al. 2014; Maruyama et al. 2015) . In general, there is little difference in the desorption isotherms of PP and SR. The only slight differences observed are at 40% and 50% RH. In this range of RH, the sorption amount of PP is slightly larger than that of SR. This is consistent with the experimental results of samples dried at 11% RH, shown later. The upper panel of Fig. 4 suggests that SRA does not affect the long-term desorption process of hcp.
On the contrary, the length-change isotherms exhibit large differences. Based on Fig. 4 , the SRA is mainly active between 90% RH and 40% RH, and the effective range is different to that of Vycor. The effective range for SRA can be validated from the incremental deformations that are reduced in the presence of SRA. These results are consistent with the results shown for various SRAs in cement paste and mortars Eberhardt 2009 ). According to Eberhardt (2009) , it was concluded that a sharp increase in the internal surface area occurs during drying. Consequently, it was eventuated that the SRA excess surface concentration is dramatically reduced and the surface tension of the remaining films should show an insignificant change in the low RH range. These conclusions can explain the lack of change in incremental shrinkage at less than 40% RH. However, it is also possible that this is caused by the absence of a liquid-vapor surface in cement paste. Figure 5 shows the water sorption change and strain change of PP (sat) and SR (sat) under RH-controlled nitrogen-flow as a function of testing time. Fig. 6 shows the water sorption (upper) and length-change (lower) isotherms of PP (sat) and SR (sat) obtained by the short-term protocols. It is obvious that for saturated samples under a rapid drying process, the SR (sat) shows a smaller sorption amount than that of the PP (sat) in the higher RH range, i.e. from 90% to 40% RH. The saturated SR (sat) contains more water that can be desorbed upon decreasing RH from 100% to 90%. In this range, it has little effect on drying shrinkage. This experimental trend is very similar to that of Vycor and has previously been reported (Sato et al. 1983; Rubeurim et al. 2006; . The short-term length-change isotherms almost reproduce the results of the long-term length-change isotherms of PP and SR. A strain difference is observed below 70% RH, compared with below 90% RH for long-term drying. Effective range is between 80% RH and 40% RH. Shrinkage of SR (sat) from 100% to 80% RH is the same as that of saturated PP (sat), while the water loss in SR (sat) is larger than that of PP (sat). This indicates that shrinkage due to capillary tension is not a major factor in the drying shrinkage of matured hcp, because the larger amount of water evaporation from the SR sample at above 80% RH does not result in any changes to hcp shrinkage. This idea is supported by the fact that there are no capillary pores in matured hcp that has never been dried (Muller et al. 2013 ).
The sorption amount at 90% RH in the short-term desorption isotherm is less than that in the case of the long-term desorption isotherm of SR (sat) shown in Fig.  4 . One explanation is that the SRA in the pore solution evaporates during the 2-year long-term drying process, and that water re-sorption into hcp occurs. If the SRA was evaporated from the sample and the shrinkage mechanism follows the capillary tension theory, the shrinkage strain should have been recovered. However, the shrinkage strain of the long-term isotherms is larger than that of the short-term isotherms. For example, the shrinkage strains of the long-term isotherms, (denoted "Long"), and short-term isotherms, (denoted "Short (sat)"), at 11% RH and at 50% RH (which are typical field conditions) are summarized in Table 3 . The shrinkage reduction ratio at 50% RH is more significant for long-term isotherms, even though the SRA was probably evaporated from the sample. It should be noted that the shrinkage strains for long-term and short-term isotherms were almost the same at 11% RH. This supporting data indicates that the SRA has another action mechanism, other than what is already known based on the capillary tension theory, particularly in regard to the long-term drying process. In other words, SRA on solid surfaces and the probable interaction with the solid surface plays an important role in the long-term shrinkage strain, as opposed to the SRA at the liquid-vapor interface. Figure 7 shows the sorption change (left) and strain change (right) of PP (11% RH) and SR (11% RH) under RH-controlled air flow. The sorption isotherms (upper) and length-change isotherms (lower) of PP (11% RH) and SR (11% RH) are shown in Fig. 8 . The sorption isotherms of PP (11% RH) and SR (11% RH) almost show a closed loop, and the total amount of sorption of SR (11% RH) is the same as that of PP (11% RH). A difference is visible over the range from 60% RH to 30% RH in the desorption process; PP (11% RH) shows a larger amount of sorption than SR (11% RH). The effective range of SRA for shrinkage reduction is almost the same as for the long-term length-change isotherms and the short-term length-change isotherms of saturated samples. There is a possibility that a part of the SRA (i.e., a fraction of the "mobile SRA" (terminology is according to Eberhardt (2009) ) that was in the pore solution or at the liquid-vapor interfaces) was evaporated from the sample during drying, as deduced from the comparison of the desorption isotherms for SR (long) and SR (sat). In this context, the absence of the mobile SRA is also supported by the fact that the total difference in strain for SR (11% RH) between 90% RH and 5% RH was consistent with that of PP (11% RH), because if the mobile SRA is active, then the incremental shrinkage during the adsorption process may impact the shrinkage strain, or in this case, the expansion strain. Experimental data indicates that the amount of reversible deformation is reduced by the SRA (Eberhardt 2009) , and this can be explained by the existence of mobile SRA at the liquid-vapor interfaces. The significant decrease of evaporable water content (or "kink") during the desorption process at 40% RH (as shown in Fig. 8) is one of the characteristics of the water vapor sorption isotherm of hcp or C-S-H coexisting with portlandite, but this kink is not seen in SR (11% RH).
Based on the capillary tension theory and the assumption that there is a meniscus in this range, the disappearance of this kink can be explained by the loss of hysteresis due to lower surface tension. This explanation is also consistent with the reduction of shrinkage for SR (11% RH), during the drying process, as shown in the results of the short-term length-change isotherms (Fig. 8,  bottom) . However, the evaporation of mobile SRA after a 2-year drying period does not support this theory. Nonetheless, it is evident from the data shown in Fig. 8 that SRA was active in SR (11% RH). A leaching experiment provided supporting data regarding the presence of immobile SRA, which has a relatively strong interaction with the cement paste solids (Eberhardt 2009 ). Consequently, it is highly possible that immobile SRA affects the reduction of shrinkage and the amount of water vapor sorption in SR (11% RH).
In a previous study, it was hypothesized that this kink could be attributed to the calcium atoms, such as the -Ca(OH) group in C-S-H, because a similar kink was observed in the sorption isotherm of portlandite (Ramachandran and Feldman 1967; Maruyama et al. 2015) and cannot be confirmed in C-S-H with a Ca/Si ratio of less than 0.9 and in tobermorite. From these experimental results, it is deduced that the SRA is somehow related to the -Ca(OH) group. In this context, Maltese et al. (2005) showed the possible change of portlandite in hcp using back-scattered electron imaging.
Moreover, portlandite appears in layers rather than its usual compact morphology in alite paste. From these experimental data, and the supporting data discussed later, this suggests that the immobile SRA exists near the -Ca(OH) group in cement paste.
Based on the comparisons of experimental data shown in Figs. 4, 6, and 8, it is concluded that another shrinkage Long-term length-change isotherms (from 100% to 11% RH) and short-term length-change isotherms (ranging between 5% to 90% RH) of PP and SR after equilibrium at 11% RH. reduction mechanism exists, which is related to the immobile SRA, and is active below 80% RH. In addition, this immobile SRA plays a role in the irreversible shrinkage process accompanying the first drying process. The grounds for this conclusion can be made especially visible by directly comparing Fig. 4 (long-term sorption and length-change isotherms of PP and SR) and Fig. 8 (short-term sorption isotherms of PP and SR), as illustrated in Fig. 9 .
Following the observation of the key phenomenon, which is the impact of the SRA on the kink in the water vapor desorption process, portlandite, whose major component is calcium, is studied and its morphology is observed by FE-SEM. The results are shown in Fig. 10 .
In Fig. 10(a) , the average crystal size is greater than 10 μm in the Ca(OH) 2 solution, while it is few hundred nanometers in the Ca(OH) 2 and SRA solutions. The texture and patterns composed by the crystals vary; however, the crystal size is smaller than that of the Ca(OH) 2 solution as shown in Fig. 10(b) . It has been reported that alkyl affects the morphology of portlandite Nakayama et al. 2000; Kojima et al. 2015) , and in particular, in the case of methanol, it is possible to form Ca(OH) 1.5 (OCH 3 ) 0.5 and Ca(OH) 0.3 (OCH 3 ) 1.7 . Therefore, R-EO-PO in Equation (1) is considered to interact with the surface of Ca(OH) 2 and there is a likelihood that a part of R-EO-PO interact with the surfaces perpendicular to the (001) direction. The similarly fine portlandite crystals can be found near the outer C-S-H (Daimon et al. 1971 ) in the SR sample as shown in Fig. 11 . Considering this morphology and impact on the shrinkage, the following mechanism emerges:
Firstly, precipitated portlandite crystals interact with the SRA and the growth of crystals remains stagnant during hydration and the first drying process. The number of fine portlandite crystals or microcrystalline portlandite may be a function of the concentration of the SRA in the pore solution since if there is no SRA on the surface of portlandite crystals, it can continue to grow under hydration and/or the drying process. At the same time, the amount of precipitated portlandite might be comparable between PP and the SRA; meanwhile, the SRA impacts the solubility of portlandite . Consequently, many fine portlandite crystal particles are formed in cement paste containing SRA, Furthermore, fine portlandite particles are constructed of a relatively firm and rigid clumping structure, including a pores on the scale of a few hundred nanometers, and these clumping structures or sole fine portlandite crystals are distributed near or in the outer C-S-H as is the case that the presence of microcrystalline portlandite is confirmed through transmission electron microscopy in alkali-activated hcp and/or hcp under elevated temperatures (Richardson 2004) . The changes in solubility of portlandite, as well as the interaction between SRA and the -Ca(OH) group, and the drying process, facilitates the formation of fine portlandite crystals and their clumping structures. These clumps and crystals in or near the outer C-S-H effectively resist shrinkage of the outer C-S-H during the first drying process, while larger sizes of portlandite crystals are formed outside of the outer C-S-H in PP. In this scenario, irreversible shrinkage of the outer C-S-H is altered by the secondary mechanism, which is a result of the changed mechanism of formation of portlandite crystals in the cement paste.
It has been pointed out that the amount of portlandite is essential and it has a restraining role against autogenous shrinkage of cement paste (Jensen and Hansen 1996) . This seems applicable to the case of drying shrinkage, because drying shrinkage of cement paste made from low heat Portland cement (which has less portlandite than ordinary Portland cement with the same water-to-cement ratio) is larger than that of hcp made from ordinary Portland cement (Maruyama 2010 ). This proposed mechanism could explain the problem in the relationship between the SRA concentration in the pore solution and drying shrinkage of the paste. Based on this mechanism, the number of SRA molecules that can interact with the surface of portlandite as an immobile SRA is more important compared to the number of SRA molecules that can affect the surface tension of the pore solution.
The proposed mechanism also suggests why an SRA has an important role during the first desorption process. C-S-H alteration generally occurs under the first desorption process, and during this process, portlandite precipitates from the pore solution and probably C-S-H with high Ca/Si ratio, and this precipitated portlandite in C-S-H restrains the process of irreversible C-S-H alteration.
This mechanism also gives an insight into the inefficiency of SRA in low heat cement or cement containing blast furnace slag or other byproducts (Tanimura and Hyoudo 2012) . This is simply due to the small amount of portlandite formed in the system.
The kink in the water vapor desorption process is partially attributed to the portlandite surface, as it is observed in the vapor sorption isotherm of portlandite . However, when the surface of portlandite is covered by SRA molecules and surface characteristics such as the surface charge of the portlandite surface are altered, the kink can be diminished.
As discussed above, all the related phenomena for a concrete or paste containing an SRA can be consistently explained by the proposed mechanism. However, the present study does not eliminate the possibility that the SRA alters the properties of C-S-H through -CaOH group such as its morphology and Ca/Si atomic ratio simultaneously. This alteration of C-S-H and/or interaction of SRA with C-S-H may also reduce shrinkage.
Conclusion
The roles of shrinkage reducing admixture (SRA) in hardened cement paste (hcp) were studied by measuring water sorption and length-change isotherms of Vycor glass and hardened cement paste. In addition to this, morphology of portlandite with/without SRA is observed. Based on the results, the following conclusions are drawn: 1) SRA is present on the surface of the concave meniscus of the pore solution in Vycor glass. SRA reduces the surface tension of the pore solution, the Kelvin radius, and shrinkage due to capillary tension. Experiments using Vycor glass demonstrated these phenomena clearly. This mechanism is active above 70% RH at room temperature. The mechanism of reduction of autogenous shrinkage and plastic shrinkage of con- crete can be explained by this first role of SRA. 2) Based on long-term and short-term length-change isotherms and water vapor sorption isotherms, the secondary role of SRA, which is related to immobile SRA in cement paste, is active at below 80%, at room temperature. This mechanism is only active in the irreversible shrinkage component of hcp produced by the initial desorption process. 3) Adsorption of tailored SRA molecules onto portlandite changed its morphology and reduced the crystal size significantly. This adsorption is shown directly by comparing the morphology of portlandite obtained through drying-induced precipitation from its aqueous solution containing or not containing SRA. Furthermore, similar changes of the portlandite morphology could be detected in hydrated cement paste containing SRA. It has been considered that the SRA interacts with the -Ca(OH) group, and SRA facilitates the formation of fine portlandite crystals and their clumping structures in or near the outer C-S-H. These portlandite structures or crystals are considered to be efficient in restraining the outer C-S-H shrinkage during the first desorption process. This proposed mechanism may also give reasonable explanations about the remaining issue of the relationship between SRA concentration in the pore solution and shrinkage of the paste since the total number of immobile SRA molecule determines the number of fine portlandite crystals.
